The chloroplast is a prime target for genetic engineering in plants, offering various advantages over nuclear transformation. For example, chloroplasts allow the expression of polycistronic transcripts and thus to engineer complex metabolic pathways. Each cistron within such a longer transcript needs its own expression elements. Within the 5 0 -UTR, such expression elements are needed for stabilizing mRNAs and for translation of the downstream reading frame. One of the few effective expression elements used so far in transplastomic approaches is the intercistronic expression element (IEE). The IEE is derived from the psbT-psbH intergenic region and includes a target sequence of the RNA binding protein HCF107. We here show that excessive expression of the IEE can lead to specific defects of endogenous chloroplast mRNA stabilization, likely via depletion of HCF107. Key players in chloroplast transcript stabilization and translation are pentatricopeptide repeat (PPR) proteins, which are structurally related to HCF107. PPR proteins that stabilize mRNAs leave behind short RNA footprints that are indicators of their activity. We identified such sRNAs in tobacco, and demonstrate that they are sufficient to stabilize and stimulate translation of mRNAs from synthetic dicistronic transgenes in chloroplasts. Thus, minimal sequence elements are generally adequate to support key steps in chloroplast gene expression, i.e. RNA stability and translation. Furthermore, our analysis expands the repertoire of available expression elements to facilitate the assembly and expression of multi-gene ensembles in the chloroplast.
INTRODUCTION
Chloroplast RNAs are expressed as polycistronic precursors, but then usually undergo extensive processing by endo-and exonucleases, splicing and RNA editing. This results in the accumulation of various processed RNAs down to monocistronic forms. Processed RNAs are protected temporarily via the action of RNA-binding proteins (RBPs) that bind within UTRs and halt exonucleolytic decay. Such RBPs are nuclear-encoded and are imported post-translationally into chloroplasts. Most prominently, pentatricopeptide repeat (PPR) proteins and related helical hairpin repeat proteins were found to bind such intergenic areas with high specificity, where they are capable of blocking exonucleases in vivo and in vitro (Pfalz et al., 2009; Prikryl et al., 2011; Barkan and Small, 2014) . Loss of PPR proteins is followed by loss of the RNAs they protect. Depending on the nature of the mRNA they guard, such mutants can have dramatic phenotypes, including loss of photosynthesis and chloroplast development, stressing how important this mechanism is for chloroplast gene expression (Barkan and Small, 2014) . Many PPR proteins exhibit high affinity for their RNA targets and remain on their cognate sequences even when up-and downstream RNAs are already degraded, thus leading to the accumulation of short RNAs (sRNAs; Pfalz et al., 2009) . Such footprints of PPR proteins have been identified in almost all intergenic regions in chloroplasts, thus suggesting that PPR protein-mediated protection is a major factor in chloroplast RNA turnover (Ruwe and Schmitz-Linneweber, 2012; Zhelyazkova et al., 2012; Ruwe et al., 2016) . sRNAs have been identified in several angiosperm species and even in algae, suggesting that this is an ancient means to prolong the half-life of chloroplast RNAs (Loizeau et al., 2014) .
In addition to their role in protecting their client RNAs, PPR proteins can also support translation of cognate mRNAs if they are situated within the 5 0 -UTR, in the vicinity of the start codon. Maize PPR10 has been shown to support translation of the atpH mRNA (Pfalz et al., 2009) . PPR10 suppresses the formation of a stem-loop that sequesters the Shine-Dalgarno sequence of atpH and thus blocks its translation. Other PPR proteins, including CRP1, PPR103, PGR3 and CRR2 as well as the half-a-tetratricopeptide (HAT) repeat protein HCF107 also play a role in the stabilization and translation of specific transcripts (Fisk et al., 1999; Felder et al., 2001; Yamazaki et al., 2004; Cai et al., 2011; Hammani et al., 2012 Hammani et al., , 2016 . Maize crp1 mutants are defective in intercistronic stabilization of petB and petD cistrons, and in petD, petA and psaC translation (Barkan et al., 1994; Fisk et al., 1999; Zoschke et al., 2013) . Loss of HCF107 entails defective stabilization and translation of the psbH mRNA in Arabidopsis (Felder et al., 2001) . Like PPR10, HCF107 also prevents formation of an RNA secondary structure that is detrimental to translation of the psbH reading frame, as it sequesters the start codon in the absence of HCF107 . PGR3 has been reported to both stabilize and activate the translation of the petL mRNA, and is also required for translation of an ndh mRNA, possibly ndhA (Yamazaki et al., 2004; Cai et al., 2011) .
In sum, chloroplast RBPs, in particular PPR proteins, are important mediators of both chloroplast RNA stability and translation, and sometimes elicit both effects by binding the same site. Because chloroplasts are attractive targets of biotechnological efforts to express transgenes to high levels, it is of interest to test the ability of PPR proteins to aid expression of genes introduced into this compartment. Indeed, simultaneous expression of multiple transgenes from operons has been considered a distinctive advantage of the chloroplast for genetic engineering (Bogorad, 2000; Heifetz, 2000; Daniell and Dhingra, 2002; Maliga, 2004; Bock, 2014 Bock, , 2015 . It is, therefore, of prime interest to find means for the stabilization and translation of individual cistrons within such polycistronic units. So far, the only reliably working element for the expression of polycistronic transgenes is the so-called intercistronic expression element (IEE; Zhou et al., 2007) . The IEE has been used successfully to improve the expression of a large variety of genes in chloroplasts organized into polycistronic units (Lu et al., 2013 Fuentes et al., 2016; Gnanasekaran et al., 2016) . The IEE represents a section of the intergenic region between psbT and psbH, and contains the target site of the RBP HCF107 .
Here, we tested five sRNA sequences harbouring binding sites for PPR proteins for their ability to act as IEE-like elements for chloroplast transgenes. By introducing them into an artificial neo-egfp dicistron, we demonstrate that several sRNAs derived from mRNAs are capable of stabilizing the downstream egfp mRNA and increasing the production of eGFP. However, an sRNA derived from the 23S ribosomal RNA precursor failed to provide a translationally competent egfp mRNA.
RESULTS
Overexpression of the IEE, which encompasses the HCF107 sRNA, leads to reduced accumulation of the endogenous HCF107 target transcripts HCF107 is a HAT repeat protein that binds in the psbH 5 0 -UTR, where it stabilizes the RNA downstream and stimulates psbH translation (Felder et al., 2001; Hammani et al., 2012) . The IEE, which was discovered by virtue of its ability to stabilize and increase the translation of monocistronic mRNAs from a chloroplast transgene (Zhou et al., 2007) , has been linked to the action of the RNAbinding protein HCF107 (Barkan, 2011) . The target sequence of HCF107 is part of the IEE sequence (Figure S1 ; Hammani et al., 2012) .
We reasoned that if HCF107 is indeed required for the functioning of the IEE, there should be an upper limit of HCF107 available to bind IEEs introduced into the chloroplast genome on top of its endogenous psbH site. To test this, we took advantage of a previously constructed transplastomic line called Top2, which includes two IEE elements that separate three cistrons for enzymes of the vitamin E biosynthetic pathway under the control of the strong plastid rRNA promoter ( Figure 1a ; Lu et al., 2013 ). An analogous construct, but with the IEE replaced by alternative sequence elements, was tested as well (Top1). To determine whether overexpression of the HCF107 target site in the Top2 line impairs the ability of HCF107 to perform its native function, we used RNA gel blot hybridization to analyze endogenous psbH mRNA levels. The psbH cistron is part of the polycistronic psbB operon that also includes psbB/T/N, petB and petD. The precursor RNA for this operon undergoes a number of processing events that generate a similar complex transcript population in model monocots and dicots (Barkan, 1988; Westhoff and Hermann, 1988) . Arabidopsis and maize hcf107 null mutants lack detectable amounts of processed RNAs with psbH as the 5 0 -terminal cistron (Felder et al., 2001; Hammani et al., 2012) . RNA gel blot hybridizations showed that psbH and petB transcripts are unaltered in the Top1 line, which does not carry an IEE (Figure 1b) . By contrast, Top2 lines display a strong reduction of the monocistronic psbH as well as the major tricistronic psbHpetB-petD transcript (arrow in Figure 1b ). In addition, the psbH probe detects a less abundant band of 1.5 kb that is reduced specifically in Top2 lines. The nature of this transcript is unknown but, given its length and its reduction in Top2 plants, we speculate that it could be an RNA that starts with the 5 0 -end of the psbH sRNA and terminates within the second exon of petB. Importantly, the observed reduction is specific to transcripts that start with the psbH cistron -other transcripts, for example larger precursors, are accumulating normally in Top2 lines. These results suggest that the strong expression of the Top2 transgene with its IEE elements exceeds the capacity of the HCF107 pool to serve all of its specific target sites within the transplastomic chloroplasts.
Another read-out of HCF107 activity is the accumulation of the HCF107 footprint (Lu et al., 2013) . Only relevant sections of the transplastomes are shown. Nt = Nicotiana tabacum; Prrn = 16S rRNA promoter from tobacco chloroplasts; TrbcL = 3 0 -UTR of the chloroplast rbcL gene; Trps16 = 3 0 -UTR of the chloroplast rps16 gene; IEE = intercistronic expression element; IGR1 = intergenic region psbH-petB; IGR2 = intergenic region rps2-atpI; SyHPT = homogentisate phytyltransferase from the cyanobacterium Synechocystis sp. PCC6803; SyTCY = tocopherol cyclase from Synechocystis sp. PCC6803; AtTMT = c-tocopherol methyltransferase from Arabidopsis thaliana. All transgenes were targeted to the intergenic spacer between the trnfM and trnG genes. (b) RNA gel blot hybridizations of psbH and petB transcripts. Top panels: total leaf RNA (5 lg per lane) was separated in a single agarose gel and transferred to a nylon membrane. The membranes were hybridized with a radiolabeled strand-specific psbH and petB RNA probe, respectively. Selected transcripts are assigned to mono-, di-or tricistronic transcripts based on previous mapping (Monde et al., 2000a,b; Felder et al., 2001) . The tricistronic psbH-petB-petD transcript and monocistronic psbH transcript are reduced in Top2 plants (marked with arrows). Bottom panels: rRNAs on the same filters were detected by staining with methylene blue. White lines indicate where lanes irrelevant for the analysis have been removed. (c) Total leaf RNA (4 lg) was separated in a denaturing polyacrylamide gel. Wild-type RNA was loaded in two different amounts as indicated. RNA gel blot hybridization was performed using a 32 P-labeled oligonucleotide probe antisense to the HCF107 footprint within the psbH 5 0 -UTR. Ethidium bromide staining of the gel before transfer served as a control for equal loading. White lines indicate where lanes irrelevant for the analysis have been removed. levels ( Figure 1c) . Thus, the reduced activity of HCF107 in stabilizing psbH-petB mRNA accumulation in Top2 lines is paralleled by a striking increase in HCF107-dependent sRNAs.
Construction of transplastomic lines to test the ability of various PPR binding sites to substitute for the IEE The results described above indicated that the usage of multiple IEEs can lead to alterations in the accumulation of endogenous RNAs. We therefore asked whether we can increase the arsenal of expression elements for transplastomic approaches by utilizing alternative IEEs. The original IEE includes the binding site of HCF107 , which stabilizes the psbH mRNA and supports translation of the psbH reading frame (Felder et al., 2001) . Like HCF107, many PPR proteins also protect mRNAs against exoribonucleolytic degradation and support translation of reading frames downstream of their RNA-binding sites (Barkan and Small, 2014) , as exemplified by the maize PPR protein PPR10 (Pfalz et al., 2009; Prikryl et al., 2011) . We, therefore, reasoned that the binding sites of PPR proteins whose molecular functions are similar to those of HCF107 should be able to function as IEEs as well.
To identify sequences corresponding to PPR binding sites in tobacco, we took advantage of the fact that the footprints of many PPR proteins accumulate in vivo as sRNAs due to their protection by the bound protein (Ruwe and Schmitz-Linneweber, 2012; Zhelyazkova et al., 2012; Ruwe et al., 2016) . For the identification of sRNAs in tobacco chloroplasts, we here took advantage of existing RNAseq datasets describing sRNAs from tobacco. The datasets were generated from leaf, root and stem tissue from tobacco plants at the six-leaf stage of development and a size range of 15-35 nt (Yin et al., 2015) . This range includes most sRNAs described from other species (Zhelyazkova et al., 2012; Ruwe et al., 2016) . Next, we used sRNA Miner, our previously established detection algorithm , to identify organellar sRNAs within these libraries. The resulting list of putative chloroplast sRNAs from tobacco is provided as Table S1 .
We selected four tobacco RNAs based on previous knowledge of the PPR proteins linked to their accumulation: (i) an sRNA 5 0 to the atpH reading frame, which includes the binding site of PPR10 (Prikryl et al., 2011) ; (ii) an sRNA upstream of the petB mRNA, with the binding site of the PPR protein HCF152 (Ruwe and Schmitz-Linneweber, 2012; Zhelyazkova et al., 2012) ; (iii) an sRNA upstream of ndhB, which was genetically linked to CRR2 (Hashimoto et al., 2003) ; and (iv) an sRNA upstream of the 23S rRNA harboring the binding site of orthologous proteins designated SOT1 and PPR53 in Arabidopsis and maize, respectively (Wu et al., 2016; Zoschke et al., 2016) . We randomly chose a fifth sRNA that is found upstream of the rpl2 reading frame, for which a protecting protein has not been identified. All five sRNAs are highly conserved in Arabidopsis, tobacco and maize ( Figure S2 ). To test whether these sRNA sequences can drive processing and translation of chloroplast transgenes, we inserted them between two genes in a dicistronic reporter gene construct similar in design to the construct used to discover the IEE (Zhou et al., 2007) . This construct has been shown to lead to low expression levels of the transgenes (Li et al., 2011) , which thus avoids possible secondary effects from strong overexpression. The construct links two transgenes in an operon: the kanamycin resistance gene neo and the gene for the enhanced green fluorescent protein eGFP (Figure 2 ). The two coding regions are separated by a modified tobacco atpI-atpH intergenic spacer that contains the atpH sRNA. We scrambled the sequence upstream of the atpH sRNA, while the sRNA itself and the downstream base pairs plus the first six codons of atpH were identical to the original sequence. The six atpH codons are in frame with the eGFP sequence. As a negative control, we mutated the PPR10 binding site within the atpH sRNA [vector pGW5 (PPR10-mutated atpH)], utilizing mutations that have been demonstrated to eliminate PPR10 binding in vitro (Prikryl et al., 2011) . In the other constructs (pGW8-pGW11), we exchanged only the PPR10 core binding site for the sequences listed above (Figure 2 ). The constructs were introduced into the tobacco plastid genome by biolistic chloroplast transformation (Svab and Maliga, 1993) . Homologous recombination events lead to incorporation of the transgenes into the plastid genome between trnG and trnfM. After selection, we isolated numerous transplastomic lines that were subjected to additional rounds of regeneration and selection to obtain homoplastomic tissue. Three lines for each construct were regenerated, rooted in sterile culture, transferred to soil and grown to maturity. All transplastomic lines were phenotypically indistinguishable from wild-type plants ( Figure S3 ).
We next performed RFLP analyses to confirm the correct integration of the transgenes into the plastid genome and to test for homoplastomy ( Figure S4 ). All lines displayed the expected DNA fragment size for transgene insertion and signals corresponding to the wild-type fragment length were not detected. Furthermore, following self-pollination, all progeny were resistant to spectinomycin, confirming homoplastomy ( Figure S5 ). The absence of segregation of the antibiotic resistance indicates cytoplasmic inheritance. In conclusion, all lines were homoplastomic and did not show macroscopic defects, suggesting that the transgenes did not pose any major problems for chloroplast physiology.
Given that a strong over-expression of HCF107 target sequences leads to a defect in the accumulation of endogenous HCF107 targets and over-accumulation of HCF107-dependent sRNAs (Figure 1 ), we sought to analyze the accumulation of the endogenous transcripts and sRNAs corresponding to the additional copies of sRNA sequences in our transplastomic lines. RNA gel blot analysis of the atpH, petB, ndhB, rpl2 and rrn23 transcripts did not detect any specific qualitative or quantitative alteration in transcript patterns (Figure 3a -e). Similarly, sRNA levels in transplastomic lines closely mimic wild-type levels . Only pGW8 (HCF152-petB) lines that harbor the HCF152 target sequence show a slight increase in petB sRNA levels relative to the wild-type and the pGW9 (CRR2-ndhB) lines (Figure 3f ). The wild-type-like appearance of the transplastomic lines and the results from the RNA gel blot hybridizations suggest that none of the additional copies of the five sRNA sequences accumulates to sufficient amounts to cause problems with endogenous transcript processing and accumulation, in line with our usage of a weak expression construct (Li et al., 2011) .
sRNA sequences protect reporter transcripts against 5 0 and 3 0 exonucleolytic degradation
To monitor the effect of the different sRNA sequences on RNA stability and RNA processing, we analyzed all five constructs for the accumulation of transcripts generated from the two genes of the artificial operon. We used strand-specific RNA probes for neo, egfp and, as a loading control, also for psaB transcripts. For the upstream cistron, neo, four specific bands were detected. Two additional bands are non-specific as they are also visible in wild-type samples (marked by asterisks in Figure 4a ). Band 2 overlaps with one of these non-specific signals ( Figure 4a ). Bands 1 and 2 represent larger transcripts that appear in all transplastomic lines. Their size and the fact that they hybridize to both the neo and egfp probes indicates that they are dicistronic transcripts (Figure 4a -c). Bands 1 and 2 are particularly abundant in pGW8 (HCF152-petB) lines, while the shorter transcripts 3 and 4 accumulate to levels similar to the other transplastomic lines (e.g. pGW1 [PPR10-atpH]; Figure 4a ). It remains unclear why the introduction of the petB sequence in pGW8 (HCF152-petB) lines stabilizes the dicistronic transcripts (bands 1 and 2). For our analysis, the monocistronic bands terminating at the sRNA sequences are most important. This concerns bands 4, 5 and 6. By contrast, band 3 represents a monocistronic neo transcript that extends beyond the sRNA sequence ( Figure 4c ). Band 4 represents monocistronic neo. The 3 0 -end of this transcript is apparently stabilized by the proteins bound to the atpH, petB, ndhB or rpl2 sRNA sequences (presumably PPR10, HCF152, CRR2 and the unknown factor that generates the rpl2 footprint, respectively). This demonstrates that selected sRNA sequences can serve to stabilize mRNAs against 3 0 -to-5 0 exonucleolytic degradation. Transcript 4 is, however, lost in pGW5 (PPR10-mutated atpH) and pGW11 (SOT1-rrn23) lines. In pGW5 (PPR10-mutated atpH), the PPR10 binding site has been mutated and, thus, PPR10 cannot bind and stabilize the monocistronic neo mRNA. Similarly, the rrn23 binding
ctatcttacagc ATT TTCATGGACGTTGATAAGATCCA TTTT ttttggtacgaggaacttatcatg ************ *** **** ************************ Figure 2 . Introduction of dicistronic reporter gene constructs into the chloroplast genome. Map of the transgene construct and the targeting region in the tobacco plastid genome. Numbers refer to positions within the wild-type (wt) plastid genome. Genes above the line are transcribed from right to left. Genes below the line are transcribed from left to right. Transgene coding regions are shown as white boxes, chloroplast genes as light gray boxes, and transgene expression elements as dark gray boxes. The dicistronic reporter gene expression is driven by the ribosomal RNA operon promoter from tobacco (Prrn), which is fused to the 5 0 -UTR of the phage T7 gene10 element. The transgene is stabilized by the 3 0 -UTR region of the plastid rps16 gene (Nt-Trps16). The selection marker aadA is expressed using the promoter of the chloroplast ribosomal RNA operon as well. The marker gene is flanked by the 3 0 -UTR of the plastid psbA gene (Nt-TpsbA). sRNA sequences and the start codons are underlined. Mutated nucleotides in the atpH sRNA in pGW5 are shown in bold. The core PPR10 binding site determined for maize (Prikryl et al., 2011) is highlighted in gray. Asterisks denote bases identical between all constructs. Figure 3 . RNA gel blot analysis of mRNAs and sRNAs corresponding to sequences inserted into transplastomic lines pGW1-pGW11. Hashtagged numbers refer to independent transplastomic lines for each respective construct, i.e. they represent independent biological replicates. (a-e) Total leaf RNA was separated in 1.2% agarose gels and analyzed by hybridization to probe for the plastid RNAs indicated. Equal loading was controlled by in-gel staining with ethidium bromide prior to blotting or with methylene blue on the membrane after blotting. (f-i) RNA gel blot hybridization demonstrating the accumulation of sRNAs corresponding to transgenic PPR binding sites. Four micrograms of total leaf RNA was separated on a denaturing PAA gel, blotted and hybridized with end-labeled oligonucleotides complementary to the sRNA sequences indicated. Arrows indicate sRNA signals. Note that the ndhB, petB and rrn23 sRNAs are present in two isoforms Wu et al., 2016) . The ethidium bromide-stained gels are shown below to illustrate equal sample loading. site of the PPR-SMR protein SOT1/PPR53 (pGW11) does apparently not confer protection against 3 0 ?5 0 exonucleases. Of note, band #3 is stronger in plants that have lost the monocistronic neo transcript, i.e. in pGW5 and pGW11 plants. The commonality between pGW5 and pGW11 is that egfp transcripts are no longer translated (see below). We speculate that translating ribosomes remove a secondary structure that increases stability of transcript #3. In the absence of translation, such a structure would persist and lead to larger amounts of transcript #3.
The two lower transcripts detected with the egfp probe, numbers 5 and 6, correspond in size to monocistronic egfp mRNAs and are present in all lines that include a nonmutated sRNA sequence. Only pGW5 (PPR10-mutated atpH) with the mutated PPR10 site lacks monocistronic egfp mRNA as it does monocistronic neo mRNA. We confirmed these results by analyzing the 5 0 -and 3 0 -termini of the neo and gfp mRNAs in selected constructs using rapid amplification of cDNA ends (RACE). This demonstrated that in pGW1 plants, the 3 0 -terminus of the neo mRNA coincides with the 3 0 -end of the PPR10 sRNA sequence, and the 5 0 -terminus of the gfp mRNA coincides with the 5 0 -end of the PPR10 sRNA (Figure 4d ). By contrast, we could not amplify any cDNA ends for the mutated pGW5 construct. There are some 5 0 -ends of gfp that are positioned within the PPR10 footprint, possibly indicative of partial exonucleolytic degradation. For the other sRNA constructs pGW8-11, the majority of identified 5 0 -and 3 0 -ends also correspond exactly to the 5 0 -and 3 0 -ends of the respective sRNA sequence (Figure 4d ). In line with the fact that in pGW11 plants the 23S-derived sRNA does not stabilize the neo mRNA (Figure 4a ), we do not find a correlation of neo ends with the 3 0 -terminus of the sRNA sequence. This is also true for pGW10/rpl2 sRNA despite the fact that monocistronic neo transcripts do accumulate -possibly the poor amplification of this particular cDNA results in lower clone yields. Overall, the RACE analysis clearly links sRNA ends with mRNA ends. In sum, our results indicate that only sequences that support binding of a cognate PPR protein are capable of blocking 5 0 -to-3 0 exonucleolytic degradation.
In conclusion, sRNAs are potent sequence elements to stabilize RNAs against exonucleolytic degradation from both ends. Noteworthy, they can do so in heterologous contexts, which makes them interesting expression elements for biotechnological applications.
Most sRNA sequences lead to efficient accumulation of eGFP
If the sRNAs inserted between neo and egfp function as alternative IEEs, then they should increase production of protein from the downstream cistron (egfp). We therefore tested protein accumulation from the two cistrons within the artificial dicistronic operon. In addition, we probed each blot also for the accumulation of cytosolic HSP70 as a loading control. All plant lines express the NPTII protein to similar levels ( Figure 5 ). Because all lines accumulate dicistronic mRNAs, it is unsurprising that the NPTII protein is expressed even when the monocistronic mRNA is missing (as in the pGW5 [PPR10-mutated atpH] and pGW11 lines [SOT1-rrn23]; Figure 4a ), because neo is the first cistron of the operon and it is equipped with a 5 0 -UTR that is known to promote active translation in chloroplasts, independent of any further translational activators ( Figure 5 ).
We next tested accumulation of eGFP with an anti-GFP antibody ( Figure 5 ). The protein was detected in the pGW1 (PPR10-atpH), pGW8 (HCF152-petB), pGW9 (CRR2-ndhB) and pGW10 (rpl2) lines, albeit not to the same extent. In pGW8 plants (HCF152-petB), which include the HCF152 binding site near petB, and pGW9 plants (CRR2-ndhB), which include the putative binding site of CRR2, much more eGFP accumulates than in pGW1 plants (PPR10-atpH), which contain the PPR10 binding site near atpH (Figure 5b) . eGFP accumulation shows more variability in the Figure 4 . RNA gel blot analysis of the neo-egfp constructs harboring various sRNA sequences. Eight micrograms of total leaf RNA was separated in 1.2% agarose gels and analyzed by hybridization to probe for the RNAs indicated. The blots were cut into an upper section representing larger transcripts and a lower section representing shorter transcripts. The upper part of the membrane was hybridized with a probe against the psaB mRNA to control for loading differences -this blot is shown below the neo and egfp hybridizations, which were performed on the lower part of the membrane. Hashtagged numbers refer to independent transplastomic lines for each respective construct, i.e. they represent independent biological replicates. (a) Accumulation of neo mRNA. All transplastomic lines accumulate dicistronic RNA (bands 1 and 2) and monocistronic RNA (bands 3 and 4). Band 3 is a neo transcript extending 3 0 beyond the site of the sRNA inserts and terminating within the egfp coding region, where it is serendipitously stabilized against exonucleolytic degradation. Asterisks denote bands found in all lanes, including wt negative controls, and are thus considered the products of cross-hybridizations. 0 -or at the 5 0 -end), reverse-transcribed and amplified by polymerase chain reaction (PCR) with combinations of a gfp (neo)-specific and an oligo-specific primer. The amplification products were separated on agarose gels (top). PCR products for 3 0 -RACE analyses were gel-purified from a size range indicated on the right side of the gel picture and cloned. For 5 0 -RACE, the entire PCR products were purified and cloned. Clones were selected and sequenced. The last base before the sequence of the RNA oligo corresponds to the end of the original chloroplast RNA ligated. These ends are indicated by filled arrowheads (for 5 0 -RACE experiments) or by open arrowheads (for 3 0 -RACE experiments) below a blowup of a sequence stretch including the sRNAs (bold upper case). The numbers below the arrowheads point out numbers of clones that correspond to a particular transcript end. Gray-shaded sequence stretch: start of gfp CDS. Arrow: relative position of primer used for reverse-transcription. RT = reverse transcriptase. different pGW10 (rpl2) lines, which could be attributed to loading differences as supported by replicates ( Figure S6 ) and/or to a stronger sensitivity to temperature changes or differences in developmental stages. The amount of eGFP is on average lower in pGW10 (rpl2) lines than in pGW8 (HCF152-petB) or pGW9 (CRR2-ndhB) lines. It is surprising that pGW1 (PPR10-atpH), which includes the sRNA of PPR10 in its native atpH sequence context, is the least effective in promoting GFP translation, especially given the recent report that atpH is the most efficiently translated of any chloroplast gene (Chotewutmontri and Barkan, 2016 ). More GFP is produced using the RNA-binding sites from petB (pGW8) and ndhB (pGW9). Importantly, these data show that different PPR binding sites can efficiently drive translation of plastid transgenes. Two constructs did not promote accumulation of eGFP. As expected, the pGW5 (PPR10-mutated atpH) lines with the mutated PPR10 binding site is among them. PPR10 is an essential factor for the stability and translation of the atpH mRNA. Thus, loss of PPR10 binding is expected to impact eGFP accumulation both by reducing the RNA template and by reducing translation efficiency. The second construct not leading to a translatable eGFP mRNA is pGW11 (SOT1-rrn23). pGW11 (SOT1-rrn23) contains a sRNA sequence from the 23S rRNA, which is not a protein-coding gene. It is interesting that this sequence stabilized the downstream RNA to the same extent as the other sRNA sequences, but did not stimulate translation of the downstream reporter. Possible explanations for this are discussed below.
DISCUSSION

Depletion of a helical hairpin repeat protein by overexpression of its cognate binding site
In this study, we demonstrate that overexpression of a target site of the chloroplast RNA-binding protein HCF107 will impact the function of this protein for its endogenous, cognate mRNA. The phenotype observed -a reduction of two transcripts with 5 0 -ends known to depend on HCF107 -closely resembles the molecular phenotype observed for HCF107 null mutants in Arabidopsis and maize (Figure 4e in Felder et al., 2001; Hammani et al., 2012) . Most parsimoniously, the additional RNA target sequences present in the transplastomic plants titrate HCF107 away from its natural mRNA target and thus expose free 5 0 -ends of psbH transcripts to exonucleolytic degradation. The phenotype of Top2 lines is, however, much less severe than the one observed for Arabidopsis and maize null mutants. The Arabidopsis mutants have lost photosystem II activity and are seedling lethal (Felder et al., 2001; Hammani et al., 2012) , while tobacco Top2 lines only display delayed synthesis of chlorophyll in young tissue when grown under unnaturally low light conditions (Lu et al., 2013) . This phenotype of Top2 plants is likely due to depletion of isoprenoid precursors due to massive stimulation of tocopherol biosynthesis (Lu et al., 2013) . The changed transcript pattern in these lines does not seem to reduce psbH transcripts beyond a point, where it becomes relevant for the buildup of photosystem II. This implies that the translational efficiency of psbH is sufficiently high to tolerate large changes in psbH transcript levels or alternatively that translational efficiency is increased when transcript levels drop. This is consistent with previous work that provided evidence for post-transcriptional regulation often overriding even large changes in chloroplast mRNA abundance (Eberhard et al., 2002) .
In Top2 lines, HCF107 becomes a limiting factor for psbH processing. This touches upon the question, whether HCF107 and similar factors like the related PPR proteins are true regulators of plastid gene expression in that they limit RNA accumulation, RNA processing or translation under relevant conditions. While mechanistic insights were presented over the last decade for a large number of PPR proteins and related helical-hairpin-repeat proteins, only few studies provide evidence for a regulatory role. A case in point is the Chlamydomonas reinhardtii MCA1 protein that limits the accumulation of its target petA mRNA, and was suggested to be relevant during nitrogen starvation and cell culture aging (Raynaud et al., 2007) . A second example, again from Chlamydomonas, concerns MAC1, a TPR-like protein that regulates psaC mRNA level in response to iron supply (Douchi et al., 2016) . In these cases, the abundance of the RNA-binding proteins is directly correlated with the accumulation level of their target mRNAs. In the case of Top2 lines, the capacity of HCF107 is not sufficient to stabilize both the endogenous transcripts and the additional transgenic mRNAs, as endogenous psbH target transcripts are strongly reduced.
Interestingly, there is a pronounced over-accumulation of HCF107-dependent sRNAs in Top2 plants. PPR proteins efficiently associate with sRNAs in vitro (Prikryl et al., 2011) and in vivo . Also, sRNAs are present in similar numbers as mRNAs and are both co-precipitated with similar efficiency with their PPR protein -at least in the case of the PPR10-atpH pair . sRNAs can therefore be taken as a proxy to estimate relative HCF107 levels. Higher sRNA levels in Top2 lines than in the wild-type thus suggest that there is an excess of HCF107 protein under our standard growth conditions, although this is not sufficient to stabilize all target RNAs in Top2 plants. PPR and related helical repeat proteins can become limiting for mRNA accumulation under specific conditions (Raynaud et al., 2007; Boulouis et al., 2011; Douchi et al., 2016) , due to either changes in protein accumulation or changes in the mRNA levels. Future experiments will need to reveal whether the excess amounts of HCF107 protein become functionally relevant upon target RNA changes that may occur, for example, under stress conditions, and whether HCF107 can become limiting during naturally occurring changes in psbH expression.
In this context, it is interesting to note that the HCF152 and CRR2 footprints lead to more GFP accumulation than the PPR10 sRNA. Both sRNAs are also much more abundant than the PPR10 sRNA . However, the translational efficiency of the PPR10-dependent atpH mRNA is much higher than that of the HCF152-dependent petB and the CRR2-dependent ndhB mRNA (Chotewutmontri and . Possibly, there is excess HCF152 and excess CRR2, but only limiting amounts of PPR10. The excess amount of HCF152 and CRR2 might lead to the ability of transplastomic plants to provide transgene-borne target sequences with the necessary trans-factors, while PPR10 is limiting for the respective transgene. This can be tested in the future by a careful quantification of PPR proteins and their cognate target RNAs. An alternative explanation for the relatively inefficient translation of the pGW1 (PPR10-atpH) transgene is that the random sequences used upstream of the sRNA target sites have a negative effect (e.g. by base-pairing) on the PPR10 target sequence, but not on the HCF152 and CRR2 sequences. Future analyses of chloroplast RNA structures will greatly facilitate the choice of sRNA sequences for the design of expression vectors for chloroplast transgenes.
SOT1/PPR53 target sequences fail to drive GFP expression
SOT1 is a PPR protein functioning in rRNA maturation, specifically in stabilizing the 5 0 -end of the precursor of the 23S rRNA against exonucleolytic attack (Wu et al., 2016; Zoschke et al., 2016) . The sequence representing the 23S rRNA binding site of the orthologous proteins SOT1 and PPR53 did neither stabilize the upstream neo transcript nor allow translation of the downstream gfp mRNA. We hypothesize that both shortcomings can be explained by the presence of the distinguishing feature of this PPR protein, the Cterminal SMR domain. The C-terminal SMR domain has recently been suggested to function as an endoribonuclease 
Signal ratio (relative units) Figure 5 . Foreign protein accumulation in transplastomic lines harboring various candidate processing elements between the neo and egfp cistrons.
(a) Immunoblot analysis of NPTII and eGFP accumulation in transplastomic lines. Total cellular proteins were separated by denaturing gel electrophoresis, blotted and cut in an upper and a lower part. The lower part was probed with anti-NPTII or anti-GFP antibodies, respectively. As a loading control, cytosolic HSP70 was detected on the upper part of the two blots. Whereas the NPTII protein accumulates to comparable levels in all transplastomic lines, eGFP accumulation is highly variable between the different constructs. No eGFP is detected in pGW5 (PPR10-mutated atpH) and pGW11 (SOT1-rrn23) plant extracts. Variability in the eGFP signal in pGW10 (rpl2) plants can be explained by unequal loading (see also Figure S6 ). Hashtagged numbers refer to independent transplastomic lines for each respective construct, i.e. they represent independent biological replicates. (b) Quantification of immunoblots. Two biological replicates for the three lines each that were investigated for constructs #8, #9, #10 and #11, and three biological replicates for the three lines each that were examined for constructs #1 and #5 were quantified relative to the HSP70 loading controls in the respective lanes. The mean GFP/HSP70 ratio and the mean NPTII/HSP70 ratio of the pGW1 lines was set to 100%. Gray bars represent ratios of GFP signals versus HSP70 signals from the same blot. White bars represent ratios of NPTII signals versus HSP70 signals from the same blot.
that is supposed to cut downstream of the SOT1 footprint and thus foster maturation of the 23S rRNA's 5 0 -end (Wu et al., 2016; Zhou et al., 2017) . Our data support the finding that only 5 0 -end protection, not 3 0 -end protection, is a core function of SOT1 in vivo (Wu et al., 2016; Zoschke et al., 2016) . The failure to translate the stable monocistronic and dicistronic egfp mRNAs in pGW11 (SOT1-rrn23) could be due to steric hindrance: possibly, the footprint we inserted is too close to the start codon of the reporter reading frame. Footprints of chloroplast ribosomes extend 18-20 bases upstream of the start codon. Thus, for maize atpH, the ribosome footprint ends only 1-3 nt away from the 3 0 -end of the PPR10 footprint. We therefore hypothesize that in the case of pGW11 (SOT1-rrn23), the SMR domain of SOT1, which is found C-terminal to the PPR tract, might sterically interfere with ribosome binding to the start codon region. This could be tested by moving the rrn23 sRNA sequences in another transplastomic approach further upstream of the egfp reporter reading frame. In any case, using PPR-SMR footprint sequences as expression elements in transplastomic approaches is less straightforward than footprints of canonical PPR proteins.
Plastid sRNAs as tools to adjust chloroplast transgene expression
For transgene expression in plants, the chloroplast offers a number of attractive advantages. Among them, the option to co-express a set of genes, i.e. a metabolic operon, has been exploited for several applications (Bock, 2014) . A prerequisite for the construction of functioning operons in chloroplasts is the availability of suitable expression signals. Ideally, such signals are short to avoid recombination events with endogenous sequences. In addition, we show here that it is desirable to minimize the expression of such regulatory sequences to prevent titration effects as described here for Top2 lines. To date, the major sequence element for intercistronic processing used in transplastomic approaches was the IEE, with its functional core being the HCF107 binding site. We here demonstrate that other sequences representing binding sites of PPR proteins can be utilized to similar or even superior effects. Intriguingly, the four sequences used successfully for reporter protein accumulation lead to different protein levels. This suggests that chloroplast transgene expression can be manipulated by the choice of the sRNA inserted upstream of the transgene's start codon. This might be of advantage when trying to differentially adjust protein levels of cistrons within an artificial operon. Mechanistically, it is at present unclear why we see such dramatic differences in reporter protein accumulation between the different transplastomic lines. PPR proteins and other related helical repeat proteins affect both the accumulation of a transcript as well as its translation (Barkan et al., 1994; Vaistij et al., 2000; Felder et al., 2001; Pfalz et al., 2009; Boulouis et al., 2011; Cai et al., 2011; Zoschke et al., 2013 Zoschke et al., , 2016 . Likely, both these effects are also relevant for the expression of eGFP in our transplastomic lines. However, it is not trivial to determine the relative impact of each effect. We would like to discuss this for the failure to translate the pGW5-derived eGFP mRNA (mutated PPR10 binding site) and the relative translation of the mRNAs in the three lines pGW1/8 and 9 (PPR10-atpH sRNA; HCF152-petB sRNA and CRR2-ndhB sRNA).
No eGFP is produced in pGW5 (PPR10-mutated atpH) lines. This could be explained by the loss of the monocistronic egfp mRNA, in line with the known function of PPR10 in stabilizing downstream cistrons (Pfalz et al., 2009) . But why would eGFP not be translated off of the dicistronic mRNA? The four-base exchange in pGW5 (PPR10-mutated atpH) lines should indeed impede PPR10 binding to the egfp UTR, as in maize, point mutations at orthologous sites disrupt PPR10 association in vitro (Prikryl et al., 2011) . Thus, loss of PPR10 binding entails loss of translation of the dicistronic egfp. There is, however, a twist to this conclusion: in silico, the 4-bp mutation is predicted to destroy a stem-loop structure ( Figure S7 ), which, if present, is supposed to impede RNA binding in the absence of PPR10 (Prikryl et al., 2011) . Thus, the mutations should render the dicistronic RNA translatable, but we do not detect any eGFP in pGW5 (PPR10-mutated atpH) lines despite levels of dicistronic RNA being comparable to the other lines (Figure 4a ). Either, an alternative repressive structure forms in the dicistronic transcript or PPR10 binding has additional functions for translation besides relieving inhibitory RNA structures. Another factor potentially influencing the translation of eGFP in pGW5 (PPR10-mutated atpH) lines is the processing state of the egfp transcript. Processing of polycistronic transcripts can have a major impact on translation, as demonstrated for the plastid ndhD coding sequence, which is only translated after removal of the upstream psaC cistron in vitro (Hirose and Sugiura, 1997) . Such positional effects were also found when the GFP coding region was placed downstream of a mini-reading frame in various synthetic operon constructs (Drechsel and Bock, 2011) . In other cases, however, translation of downstream cistrons was not dependent on intercistronic processing (Barkan, 1988; Suzuki et al., 2011; Zoschke and Barkan, 2015) , supporting the notion that the requirement for RNA processing is transcript-specific (Yukawa et al., 2006) . At present, it is not possible to decide whether it is the failure to be processed or the failure to associate with PPR10 that prevents translation of eGFP in pGW5 (PPR10-mutated atpH). Of note, polycistronic transcripts including atpH are shifted in polysome analyses of ppr10 mutants (figure S6 in Pfalz et al., 2009) . This indicates that such transcripts are populated with less ribosomes than in the wild-type, and thus that PPR10 is supporting translation of polycistronic transcripts as well.
A clearer example for the predominance of translation over RNA processing is provided by comparison of the pGW1 (PPR10-atpH) lines with the pGW8 (HCF152-petB)/ pGW9 (CRR2-ndhB) lines. Here, protein levels differ by an order of magnitude, while transcript levels are almost identical (including similar levels of monocistronic egfp). It therefore has to be concluded that at least here, the effect on translation is dominant over the effect on transcript stability. In other words, the PPR proteins analyzed here appear to have a different aptitude to induce translation. This would imply that PPR proteins rather regulate gene expression at the translational level, and not so much at the level of RNA accumulation. This could be tested by downregulating selected PPR proteins in the transplastomic mutants presented here by RNA interference and testing for transgene-derived protein production. As an alternative explanation for the differences in protein accumulation, the different sRNA sequences could lead to different RNA structures that have their specific impact on translational efficiency. Thus, the efficiency of translation might be linked to the ability of the respective PPR proteins or of the ribosome itself to access the UTR and/or start codon of the transgene's coding sequence. To test this, the sRNA sequences would have to be set into different structural contexts, not an easy task as very little is known about the structure of chloroplast RNAs.
In sum, we here provide a set of four sequences that can be utilized alternatively to the known classical IEE element and give the exciting prospect of targeted manipulation of transgene expression by sRNA sequence choice. Given that we detected almost 100 sRNAs in tobacco chloroplasts, many of which are believed to represent PPR-derived footprints , there is significant potential for designing further expression elements for plastid transformation vectors. Of particular relevance is the ndhB sequence we have used. The ndhB gene is not essential under standard growth conditions in that there is no macroscopic phenotype upon disruption of the gene (Horvath et al., 2000) . Unsurprisingly, the cognate RNA-binding protein for ndhB stabilization, CRR2, is not essential for photosynthesis under normal conditions (Hashimoto et al., 2003) . Therefore, using the corresponding sRNA even for highly expressed transgenes is not expected to lead to macroscopic defects even if CRR2 is titrated from its endogenous target by the transgenic transcripts. Thus, our study suggests the ndhB sRNA as a preferred intercistronic expression element for transplastomic approaches.
EXPERIMENTAL PROCEDURES Plant material and growth conditions
Tobacco plants (Nicotiana tabacum cv. Petit Havana) were grown under aseptic conditions on agar medium containing 30 g L À1 sucrose, when used for plastid transformation assays. Rooted homoplastomic plants were transferred to soil and grown until maturity in a greenhouse. Homoplastomy of the regenerates and seedlings of T1 generation were tested by Southern blot analysis and/or germination assay on a medium containing 500 mg L À1 spectinomycin. T1 generation plants were used in all experiments tested here, and were grown under standard conditions in a walkin chamber (25°C, 120 lE m À2 sec
À1
, humidity 55%, 16 h light/8 h dark). Tissue used in assays was either 2-week-old seedlings or grown up to a physiological state showing 5th and 6th leaf in expansion stage.
Construction of plastid transformation vectors
The transformation vector is based on the plasmid pZF75 (Zhou et al., 2007) . The YFP sequence in pZF75 was exchanged by an eGFP coding sequence from the vector pA7-GFP (kindly provided by B. Grimm, Humboldt University Berlin) using the restriction sites NcoI and XhoI, resulting in the recipient vector pGW-GFP. The intergenic regions between the neo and egfp reading frames were synthesized (Tab. S2; eurofins Genomics, Germany) and introduced into pGW-GFP via XbaI and NcoI restriction sites. This region corresponds to the tobacco atpIatpH intergenic spacer (positions 42 406-42 532 in NC_001879.2).
Plastid transformation and selection of transplastomic lines
Young tobacco leaves from aseptically grown plants were bombarded by 0.6-lm gold particles coated with plasmids described above. Transformation was performed using the hepta-adapter set up of a helium driven biolistic gun (PDS 1000He; BioRad, Munich, Germany). Spontaneous transformants were identified by a double-selection test on regeneration medium containing 500 mg L À1 spectinomycin and 500 mg L À1 streptomycin. Several independent transplastomic lines per construct were identified and subjected to at least one round of regeneration on spectinomycincontaining medium in order to select for homoplastomic lines.
Isolation of DNA and Southern blot
Genomic DNA from leaf tissue was isolated using a cetyltrimethylammonium bromide-based protocol (Murray and Thompson, 1980) . Five micrograms of genomic DNA was digested with BamHI (Thermo Fisher, Berlin, Germany). Southern blot analysis was carried out according to standard protocols (Sambrook et al., 1989) . For identification of RFLPs, the Decaprime DNA labeling Kit (Thermo Fisher) was used. For the probe used see Table S2 . Hybridization was carried out at 55°C overnight using standard protocols (Sambrook et al., 1989) .
Isolation of RNA and RNA gel blot hybridization Cellular RNA was extracted using a guanidinium-isothiocyanate/ phenol-based method (TriZol method, Thermo Fisher). For the detection of mRNAs and rRNAs, total RNA (5 lg if not differently stated) was separated on a denaturing formaldehyde containing 1.5% agarose gel and blotted to Hybond N membrane by capillary transfer method (GE Healthcare, Munich, Germany). RNA probes were synthesized using T7 Polymerase (Thermo Fisher) with radioactive a-32P-UTP (Hartmann Analytic, Braunschweig, Germany) using polymerase chain reaction (PCR) products as templates (see Table S2 for primer sequences). Hybridization conditions for RNA gel blot analysis were as follows: hybridization at 68°C overnight; all washes were carried out at 68°C: [1 9 standard sodium citrate (SSC); 0.1% sodium dodecyl sulfate (SDS)] for 15 min; (0.5 9 SSC; 0.1% SDS) for 15 min; (0.2 9 SSC; 0.1% SDS) for 15 min; (0.05 9 SSC; 0.1% SDS) for 15 min. For the detection of sRNAs, 4 lg of total cellular RNA was fractionated on a 10% polyacrylamide gel electrophoresis (PAGE) according to standard procedures (Sambrook et al., 1989) . Hybridization with end-labeled oligonucleotide probes (Table S2 ) was carried out as described previously (Loizeau et al., 2014) . Signals were detected using a PMI Imaging system (BioRad, Germany).
5
0 -and 3 0 -RACE Wild-type and mutant tobacco seedling (10 days old) grown under standard conditions were used for total RNA extraction. Total cellular RNA (2 lg) was DNAseI treated and ligated with an adapter oligonucleotide using T4 RNA ligase I (NEB). For 5 0 -RACE, the adapter RNA oligo was Rumsh1, for 3 0 -RACE we used the RNA oligo 3endAdapterRNALigaseI (Table S2 ). After chloroform extraction of RNA, cDNA synthesis was done using Protoscript II reverse transcriptase (NEB) with the primer pGW_gfp_rev in case of 5 0 -RACE or the primer adapterRTprimer in case of 3 0 -RACE (Table S2 ). Amplification of cDNA was done using Rumsh1 and pGW_gfp_ref for 5 0 -RACE and adapterPCRPrimer and 3 0 neofor. For 3 0 -RACE, PCR products in the size range of 150-250 bp were gel purified (Gene Jet Gel Extraction kit, Thermo Scientific). For 5 0 -RACE, the entire PCR reaction was purified using Gene Jet PCR purification kit (Thermo Scientific). Purified PCR products were ligated into the pJET1.2/blunt vector (Thermo Scientific). Inserts from individual colonies were amplified by PCR and sequenced for end identification.
Immunoblot analyses
Protein extraction was performed from deep frozen tissue and homogenized in Tricine buffered medium (Schagger and von Jagow, 1987) . After separation on polyacrylamide gels, proteins were transferred to Hybond C membrane (GE Healthcare). Integrity and equal loading of proteins was detected by subsequent Ponceau S stain of the membrane. Antibody hybridization was performed for 1 h at room temperature (RT) in 2% skim milk powder in TBST (10 mM TrisHCl pH 7.5; 150 mM NaCl; and 0.1% Tween 20) for primary antibody and in 1% skim milk powder in TBST for secondary anti-rabbit antibody coupled to horseradish peroxidase. Chemoluminescent signals were detected using a ChemiDoc system (BioRad).
Identification of sRNAs
For the analysis of the occurrence of sRNA-like reads in next-generation datasets, we used the sRNA Miner algorithm with settings as described previously . The following tobacco-derived datasets published on the Sequence Read Archive of NCBI (https://trace.ncbi.nlm.nih.gov/Traces/sra/) were used here (Yin et al., 2015) : SRR638993 (roots of six-leaf plants); SRR638994 (mixed roots of six-leaf plants under 6 and 48 h drought treatment); SRR638995 (stems of six-leaf plants); SRR638996 (leaves of six-leaf plants). Results from all archives were pooled (Table S1 ).
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